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Abstract—Distributed Generation (DG) brought new 
challenges for protection engineers since standard relay settings of 
traditional system may no longer function properly under 
increasing presence of DG. The extreme case is coordination loss 
between primary and backup relays. The directional overcurrent 
relay (DOCR) which is the most implemented protective device in 
the electrical network also suffers performance degradation in 
presence of DG. Therefore, this paper proposes the mitigation of 
DG impact on DOCR coordination employing adaptive protection 
scheme (APS) using differential evolution algorithm (DE) while 
improving overall sensitivity of relays.  The impacts of DG prior 
and after the application of APS are presented based on 
interconnected 6 bus and IEEE 14 bus system.  As a consequence, 
general sensitivity improvement and mitigation scheme is 
proposed. 
Keywords--Adaptive protection scheme; directional overcurrent 
relay coordination; distributed generation; differential evolution 
algorithm; smart grid. 
I. INTRODUCTION  
ISTRIBUTED Generation (DG) in the form of renewable 
energy sources has become one of the most discussed 
topics nowadays. The scope to depart from traditional 
generation plants for long term economic and environmental 
benefits has made a massive increase of interests in DG 
technologies. Moreover, DGs can contribute to important 
aspects such as: network reliability, line congestion relief, 
overall loss reduction, and generation cost reduction in smart 
grid [1-8].  
Despite of the numerous advantages of having DGs installed 
in the network, there are also new challenges [9-14] and 
negative impacts on the protective overcurrent relays (OCRs). 
Those are mainly increase of short-circuit current during fault 
condition and the bi-directional load flow in radial lines which 
the elements of the network are not designed to operate under 
these new conditions. Possible consequences to the protection 
system are false tripping, under/over reach of relays, and 
coordination loss between primary and backup relays [9-10,15-
22].  
Several solutions have been proposed to mitigate the impact 
of DG penetration on sub-transmission and distribution 
networks, like:  
 disconnection of DGs immediately after fault detection 
[23],  
 limitation of installed DGs capacity [24-26],  
 modification of the protection system by installing more 
breakers for sectionalization, reconfiguration of networks 
or the use of distance relays and/or directional overcurrent 
relays [27-30],  
 installation of fault current limiters (FCLs) to 
preserve/restore the original relay settings [18, 31-42],  
 fault ride through control strategy of inverter based DGs 
[43],  
 fault current control by solid-state-switch-based field 
discharge circuit for synchronous DGs [44],  
 adaptive protection schemes (APS) [20, 45-54]. 
 
Although these methods can adequately mitigate the 
negative impacts of DGs penetration on performance of the 
protective relays, they suffer several limitations as well. 
Disconnecting large DGs immediately after fault detection may 
lead to severe voltage sags as the contribution of reactive power 
from DGs will be cut off. Moreover, most faults are temporary, 
thus disconnecting the DGs isn't economically beneficial since 
the DGs will need to be reconnected to the network after the 
clearance of temporal fault in order to profit from the renewable 
energy. Also, stability problem may occur if there were high 
penetrations of DGs in the network.  
Limiting the DGs capacity is a provisional solution, since 
renewable energy is cheap, it should be fully exploited to gain 
more profit and also to avoid excess CO2 emission mostly 
generated from conventional power plants.  
Modifying the protection scheme by installing more 
breakers for sectionalization, reconfiguration of networks or 
change of protection principles is costly, and also the use of 
numerous protection principles in a certain area of the power 
system may lead to more complicated protection coordination 
scenario and difficult post-event analysis.  
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Installing FCLs to preserve/restore the original relay 
settings are practical since this device has almost zero 
impedance in steady-state operation mode and inserts high 
impedance in series with the system when a fault occurs to limit 
the fault magnitude to its previous magnitude before DG 
installation. But this implies an advanced study of optimal 
impedance and location of the FCLs. Moreover, the major 
drawback of broad implementation of FCLs is the additional 
and elevated cost which is undesirable for both utility and DG 
owners.  
Both the fault ride-through control strategy of inverter based 
DGs and fault current control by solid-state-switch-based field 
discharge circuit for synchronous DGs are low-cost solution 
compared to the previous ones. The first consists of a 
commutation control strategy of the inverter switches in order 
to limit the fault current contribution. The second consists of 
installing a solid-state-switch-based field discharge circuit for 
synchronous DGs in order to drain the excess fault currents. 
However, both are only partial solutions to the problem since 
the first solution is only applicable to inverter-based DGs and 
the second only to synchronous DGs. These shortcomings lead 
to another option, the adaptive protection scheme (APS).  
The APS proposed in this research [54] consists of 
automatic online re-adjustment of relay settings so that the 
relays are best attuned for different network operating condition 
due to dispatch or natural condition. Such changes are 
variations of inputs and outputs of generators and transmission 
lines that affect the load flow and fault current distribution. The 
APS may require a central host with powerful computer that is 
linked by communication channels to send/receive data to/from 
relays prior or after disturbance. Integration of substation 
control and data acquisition (SCADA) and energy management 
system (EMS) will be needed to effectively implement this 
scheme. Contemporary directional overcurrent relays (DOCRs) 
have memory capacity and can be remotely re-adjusted through 
communication channels. Hence the DOCRs, SCADA system 
along with an appropriate online optimization algorithm for 
coordination of DOCRs, can potentially improve the degraded 
performance of relays caused by DGs. Therefore, this method 
can be very beneficial in the long term view for modern smart 
grids. 
Differential evolution algorithm (DE) was selected for the 
coordination study since it has been reported to be very efficient 
in different areas [55-56]. DE had outperformed genetic 
algorithm (GA), particle swarm optimization (PSO), harmony 
search algorithm (HS) and seeker optimization algorithm (SOA) 
in the coordination study [57]. 
II. SMART GRID AND DG IMPACT ON PROTECTIVE RELAY  
A. Smart Grid 
Smart Grid targets highly reliable, self-healing, self-
regulating, demand response, efficient and cutting edge 
network that allows integration of high penetration of 
renewable energy sources [1-8]. An illustration of smart grid 
scheme is presented in Fig. 1. 
A general definition follows the Electric Power Research 
Institute (EPRI) Smart Grid Resource Center, "A Smart Grid is 
one that incorporates information and communications 
technology into every aspect of electricity generation, delivery 
and consumption in order to minimize environmental impact, 
enhance markets, improve reliability and service, and reduce 
costs and improve efficiency." [58]. Therefore, the proposal will 
rely on these advanced information and communication 
technologies to perform adaptive and online coordination of 
DOCRs. 
 
 
Fig. 1. Smart Grid: general schematic presentation. 
 
B. Impact of DG on Protective Overcurrent Relay 
1) Coordination Loss: 
The loss of coordination is defined as the violation of 
coordination time interval (CTI) constraint between the primary 
and backup relay [18,20,57]. Example: for a given fault at point 
F in Fig. 2, the coordination pairs to be analyzed in this scenario 
are R7-R8 and R7-R9 [primary-backup]. Due to the penetration 
of DG, these relays all sense an increase of short-circuit current. 
For R7, this is not critical as it is the primary relay. But for R8 
and R9, their CTI with respect to R7 may not be fulfilled as 
when there was no presence of DG. Therefore, there is a loss of 
coordination between pairs R7-R8 and R7-R9. 
 
 
Fig. 2. Loss of coordination due to DG penetration. 
 
A graphical illustration of coordination loss using inverse 
time relay characteristic curve for the coordination pair R7-R8 
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is presented in Fig. 3. It can be clearly seen that after the 
integration of DG, the backup relay R8 accelerates its tripping 
time due to the increase of fault current; whereas the primary 
relay R7 is barely affected because its tripping time is already 
located at the horizontal asymptote curve. Hence, there is a loss 
of coordination because CTI is no longer preserved for the 
coordination pair R7-R8.  
 
 
Fig. 3. Illustration: Loss of coordination due to DG penetration. 
 
2) Islanding Operation: 
The islanding operation is defined as the isolation of a 
certain part of a network from the main network due to dispatch 
or natural condition [53,59-62]. For a given fault at point F in 
Fig. 4, suppose that relay R10 successfully cleared the 
permanent fault by tripping the circuit breaker. Then the 
remaining circuit from bus 7 to 10 will form an island operation 
network (micro-grid) fed by the DG (assuming that the DG has 
sufficient capacity to maintain stable operation for the islanded 
network). Under new network operating condition if a fault 
occurs at any point along the lines between buses 7 to 10; then 
both primary and backup relays will suffer significant time 
delay in clearing the fault due to the relatively small fault 
current contribution by the DG. The relays can regain their 
operation speed if they were re-adjusted/re-coordinated for this 
new network operation and topology. 
𝐼𝑠𝑐
𝐷𝐺 < 𝐼𝑠𝑐
𝑠𝑦𝑠𝑡𝑒𝑚
 
 
 
Fig. 4. Inappropriate relay delay operations due to intentional or unintentional 
islanding (DG micro-grid). 
 
This can cause further problems such as load or source 
tripping. Many industrial motors have under-voltage tripping 
protection, so if the fault takes long time to clear then the 
voltage sag duration increases which may lead to a 
disconnection of industrial loads. The same applies to some 
power sources (ie: wind turbine generators), which disconnect 
from the network after several seconds for small sag or 
immediately after big sag. 
A graphical illustration of an inappropriate relay delay 
operation using inverse time relay characteristic curve for the 
coordination pair R7-R8 is presented in Fig. 5. It can be clearly 
seen that after entering island operation mode, the backup relay 
R8 increases its tripping time due to the decrease of fault current; 
whereas the primary relay is barely affected because its tripping 
time is already located at the horizontal asymptote curve. Hence, 
there will be an undesired backup tripping time if a fault occurs 
during island operation mode.  
 
 
Fig. 5. Illustration: Inappropriate relay delay operations due to intentional or 
unintentional islanding (DG micro-grid). 
 
III. PROTECTION COORDINATION SCHEME 
Detailed description of the adaptive protection scheme and 
the formulation of coordination problem are presented in the 
following sections. 
A. Description of Adaptive Protection Scheme 
The adaptive protection scheme for coordination of DOCRs 
including DGs is presented in Fig. 6. 
The proposed idea [54] for mitigating the impacts of DGs 
on DOCR coordination is based on a centralized adaptive 
scheme. This protection scheme consists of a centralized 
processing server which analyzes and optimizes the data 
obtained through SCADA system of the network that 
implements overcurrent protection principle. The SCADA 
system monitors the network condition and identifies the 
operational and topological changes of the network. As soon as 
a change in the network is identified, the latest breaker and 
network configuration and/or the status of DGs are input into 
the centralized processing server. Based on the network status 
data, the server performs load flow, fault, contingency and 
sensitivity analysis. Then, it recalculates the pickup current of 
relays and optimizes the DOCR coordination. The new settings 
are updated to the DOCRs via communication network so that 
the DOCRs become best-tuned to the present network operating 
condition. A single cycle is then completed. For every change 
of new operating condition, the cycle is executed again. The 
frequency will also be in function of wind and solar forecast 
since DGs are intermittent sources. 
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Fig. 6. Adaptive protection scheme for DOCRs including DGs. 
 
B. Formulation of Coordination Problem 
1) Objective Function: 
The purpose of formulating the coordination of DOCRs as 
an optimization problem is to minimize the primary and backup 
operation time of relays while maintaining selectivity of relays’ 
operation. It is of great importance to establish appropriate 
objective function that evaluates the fitness of the settings 
because this is the key to ensure optimum solution using 
optimization algorithms. The fitness function is given in (1): 
 
fitness = (
𝑁𝑉
𝑁𝐶𝑃
) + (
∑ tpa
NCP
a=1
NCP
) ∗ h1 + (
∑ tbb
NCP
b=1
NCP
) ∗ h2 +
(∑ ECTIL
NCP
L=1 ) ∗ h3 
 
where h1,h2 and h3 are factors that increase or decrease the 
influence of each sub-objective function, NV is the number of 
violation of coordination constraints, NCP is the number of 
coordination pairs, tpa is the primary operation time of relay a 
for near-end fault, tbb is the backup operation time of relay b for 
far-end fault, and ECTIL is the CTI error of L-th coordination pair. 
The 𝑡𝑏𝑏 minimizes the backup operation time of relays, the 
𝐸𝐶𝑇𝐼𝐿minimizes the CTI to as close to 0.3s as possible, the NV 
minimizes the number of violations to zero (avoid converging 
to a local minimum) and the 𝑡𝑝𝑎 , 𝑡𝑏𝑏, and NV are all scaled and 
divided by NCP to be able to sum together. These different 
values need to be included in the objective function because it 
was observed that the use of only 𝑡𝑝𝑎 in the objective function 
for coordination in larger meshed systems may converge at a 
result where there may be higher backup time, higher CTI and 
may have violation of constraints. Therefore, the 𝑡𝑏𝑏, 𝐸𝐶𝑇𝐼𝐿  and 
NV are included in the objective function to further improve the 
results while maintaining selectivity. 
 
2) Primary and Backup Relay Constraints: 
To coordinate the relays, there must be a time difference 
between the primary and backup relay. This time difference is 
called coordination time interval (CTI). In this way, whenever 
the primary relay fails to extinct a fault, the backup relay enters 
and tries to extinct the fault after a pre-specified delay. This 
delay is usually set between 0.2 and 0.5 seconds, and 0.3 
seconds is used in this paper. The coordination constraint for 
every coordination pair is given in (2): 
 
𝐶𝑇𝐼 ≤ 𝑡𝑏 − 𝑡𝑝 
 
where 𝐶𝑇𝐼is the pre-defined CTI, 𝑡𝑝 is the primary operation 
time for near-end fault, and 𝑡𝑏 is the backup operation time for 
far-end fault. 
There is also a range for each relay setting where feasible 
solutions can be found. This is given in (3) and (4): 
 
𝑑𝑖𝑎𝑙𝑚𝑖𝑛 ≤ 𝑑𝑖𝑎𝑙 ≤ 𝑑𝑖𝑎𝑙𝑚𝑎𝑥 
 
𝐼𝑝𝑖𝑐𝑘𝑢𝑝𝑚𝑖𝑛 ≤ 𝐼𝑝𝑖𝑐𝑘𝑢𝑝 ≤ 𝐼𝑝𝑖𝑐𝑘𝑢𝑝𝑚𝑎𝑥  
 
where 𝑑𝑖𝑎𝑙 is setting within range [0.05-10] for most numerical 
relays, and 𝐼𝑝𝑖𝑐𝑘𝑢𝑝 is the relay pickup current that consists of a 
temporal overload and security factor (k) that multiplies the 
maximum load current. The k value is normally set to be 
between 140% and 160% [63]. 
The minimum and maximum values of dial and pickup 
settings are both hardware limitations.  The dial parameter is a 
family of curves of the same type, which moves up or down to 
enable coordination among relays for certain tripping time [63-
64]. Minimum dial settings are often used to obtain faster relay 
tripping time. But this must be analyzed as it may compromise 
the selectivity or coordination of relays. On the other hand, the 
pickup current settings apart from the hardware limitation of 
upper and lower bounds, must have a minimum bound 
limitation which can tolerate common temporal overloading 
scenarios [63-64]. Also, an upper bound is set, since as pickup 
setting increases, sensitivity decreases. And relays may delay 
too much to trip or never trip if pickup setting is set too high 
when a two phase fault occurs.  
 
3) Relay Characteristic Curve: 
The time overcurrent relay functions are set according to the 
relay characteristic curve (inverse time curve). IEEE standard 
C37.112-1996 [65] is followed in this paper and is given in (5): 
 
𝑡 = [
𝐴
(
𝐼
𝑠𝑐3∅𝑚𝑎𝑥
𝐼𝑝𝑖𝑐𝑘𝑢𝑝
)
𝑝
−1
+ 𝐵] ∗ 𝑑𝑖𝑎𝑙 
 
where 𝑡 is the relay operation time, 𝐼𝑠𝑐3∅𝑚𝑎𝑥  is the maximum 3-
phase short circuit current and 𝐴, 𝐵, 𝑝 are constants of the IEEE 
standard. 
(5) 
(2) 
(1) 
(3) 
(4) 
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The standard curves are: moderate inverse (MI), very 
inverse (VI) and extremely inverse (EI). The IEEE VI curve is 
chosen in this paper, but other curves from the IEC standard can 
be used as well. 
C. Sensitivity Analysis 
The sensitivity analysis is the examination of whether the 
backup relay is sensitive enough to operate for minimum fault 
current located at the far end of its primary relay protection zone. 
This is computed for every coordination pair and is given in (6): 
 
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐼𝑠𝑐2∅𝑏𝑎𝑐𝑘𝑢𝑝
𝑘 ∗ 𝐼𝑙𝑜𝑎𝑑𝑚𝑎𝑥
 
 
where 𝐼𝑠𝑐2∅𝑏𝑎𝑐𝑘𝑢𝑝is the current that the backup relay senses for 
the minimum fault simulated at the far end of its primary relay 
protection zone, 𝑘 is the temporal overload factor of the backup 
relay and 𝐼𝑙𝑜𝑎𝑑𝑚𝑎𝑥  is the maximum load current of the backup 
relay. 
The sensitivity analysis is a very important matter in the 
coordination study. For coordination pairs whose backup relays 
do not fulfill the requirement of sensitivity will lead to very 
long operation time.  
Hence the sensitivity is to be used as a comparative reference 
for the sensitivity analysis. The sensitivity constraint is given in 
(7): 
 
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 1.5 
 
D. Differential Evolution Algorithm 
Differential Evolution algorithm (DE) [55-57] is a 
population-based evolutionary algorithm (EA) consisting of 
natural selection of genes. In this algorithm, probabilistic 
distribution is not needed for the generation of offspring. 
Therefore, it needs less mathematical operations and execution 
time compared to other EAs. Detailed formulation of DE can 
be found in [55-57]. 
 
1) Initial Population: 
Initiate all parameter vector genes in their feasible range of 
corresponding relay settings. The initial population matrix is 
presented in (8): 
 
P = [
𝑑𝑖𝑎𝑙(1,1) … 𝑑𝑖𝑎𝑙(1,𝑁𝑅)
⋮ ⋱ ⋮
𝑑𝑖𝑎𝑙(𝑁𝑃,1) … 𝑑𝑖𝑎𝑙(𝑁𝑃,𝑁𝑅)
𝑘(1,𝑁𝑅+1) … 𝑘(1,𝑁𝑅∗2)
⋮ ⋱ ⋮
𝑘(𝑁𝑃,𝑁𝑅+1) … 𝑘(𝑁𝑃,𝑁𝑅∗2)
] 
 
The population size can be defined as (𝑁𝑃, 𝐷 ∗ 𝑁𝑅), where 
𝑁𝑃  represents number of parameter vectors, 𝐷  number of 
control variables and 𝑁𝑅 number of relays. 
 
2) Trigonometric Mutation: 
Three different vector numbers are randomly selected from 
the DE population for each target vector. Suppose that the 
selected population members are ?⃗?𝑟1,𝐺,  ?⃗?𝑟2,𝐺,  ?⃗?𝑟3,𝐺  for the 𝑖-th 
target vector ?⃗?𝑖,𝐺. The indices 𝑟1, 𝑟2 and 𝑟3 are generated only 
once for each mutant vector and are mutually exclusive integers 
randomly chosen from the range [1,NP], which are also 
different from the index 𝑖. According to the equations (10), (11) 
and (12), three weighting coefficients are formed. 
 
𝑝′ = |𝑓( ?⃗?𝑟1)| + |𝑓( ?⃗?𝑟2)| + |𝑓( ?⃗?𝑟3)| 
𝑝1 = |𝑓( ?⃗?𝑟1)|/𝑝
′ 
𝑝2 = |𝑓( ?⃗?𝑟2)|/𝑝
′ 
𝑝3 = |𝑓( ?⃗?𝑟3)|/𝑝
′ 
 
where 𝑓() is the function to be minimized. The trigonometric 
mutation rate г is found within the interval (0,1) and the 
trigonometric mutation scheme is presented in (13) and (14): 
 
?⃗⃗?𝑖,𝐺+1 =
 ?⃗⃗?𝑟1+ ?⃗⃗?𝑟2+ ?⃗⃗?𝑟3
3
+ (𝑝2 − 𝑝1) ∗ ( ?⃗?𝑟1 −  ?⃗?𝑟2) + (𝑝3 − 𝑝2) ∗
( ?⃗?𝑟2 −  ?⃗?𝑟3) + (𝑝1 − 𝑝3) ∗ ( ?⃗?𝑟3 −  ?⃗?𝑟1)               if rand[0,1]  ≤  г   
 
?⃗⃗?𝑖,𝐺+1 =  ?⃗?𝑟1 + 𝐹( ?⃗?𝑟2 −  ?⃗?𝑟3)                         else  
 
where ?⃗⃗?𝑖  is the donor vector and 𝐹 is a scalar number that is 
typically found in the interval [0.4,1]. The parameters г and 𝐹 
are chosen to be 0.5 and 0.8 respectively in this paper. 
 
3) Binomial Crossover: 
The crossover operation is performed after creating the 
donor vector via mutation. This operation enhances the 
diversity of the population by exchanging the components of 
donor vector with the target vector  ?⃗?𝑖,𝐺  to generate the trial 
vector ?⃗⃗?𝑖,𝐺 = [ 𝑢1,𝑖,𝐺 ,  𝑢2,𝑖,𝐺 ,  𝑢3,𝑖,𝐺 , … ,  𝑢𝐷,𝑖,𝐺].  
 
Binomial crossover scheme: whenever a randomly 
generated number between 0 and 1 is less than or equal to the 
crossover rate 𝐶𝑟 value for each of the 𝐷 variables, binomial 
crossover is performed. Under this circumstance, there will be 
a nearly uniform distribution of number of parameters inherited 
from the donor vector. The binomial crossover scheme is 
presented in (15): 
 
𝑢𝑗,𝑖,𝐺 = {
𝑣𝑗,𝑖,𝐺       if (𝑟𝑎𝑛𝑑𝑖,𝑗[0,1] ≤ 𝐶𝑟 or 𝑗 = 𝑗𝑟𝑎𝑛𝑑) 
𝑥𝑗,𝑖,𝐺                                                    otherwise
 
 
where 𝑟𝑎𝑛𝑑𝑖,𝑗[0,1] is a uniformly distributed random number. 
This random function is executed for each 𝑗-th component of 
the 𝑖 -th parameter vector. Then a randomly chosen index 
𝑗𝑟𝑎𝑛𝑑 ∈ [1, 2, … , 𝐷]  ensures that the trial vector  ?⃗⃗?𝑖,𝐺  gets at 
least one component form the donor vector ?⃗⃗?𝑖,𝐺. The crossover 
operation parameter 𝐶𝑟 is selected to be 0.5 in this paper.  
(7) 
(6) 
(8) 
(14) 
(7) 
(10) 
(11) 
(12) 
(13) 
(15) 
(9) 
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4) Selection: 
The selection operation determines whether the trial or the 
target vector get through to the following generation, for 
example at generation  𝐺 + 1 . The selection operation is 
presented in (16). 
 
?⃗?𝑖,𝐺+1 = {
?⃗⃗?𝑖,𝐺       if 𝑓(?⃗⃗?𝑖,𝐺) ≤ 𝑓(?⃗?𝑖,𝐺)
?⃗?𝑖,𝐺       if 𝑓(?⃗⃗?𝑖,𝐺) > 𝑓(?⃗?𝑖,𝐺)
 
 
where 𝑓(?⃗?) is the fitness of the target vector and 𝑓(?⃗⃗?) is the 
fitness of the trail vector. If a lower or equal value of fitness is 
obtained from the new trial vector, then the target vector will 
be replaced in the next generation; otherwise the target vector 
is kept in the population. By doing so, the population will never 
deteriorate since it either gets better or remains the same in 
fitness quality. 
 
Finally, a pseudo-code of DE algorithm can be formulated 
as follows: 
 
BEGIN (Initial Population) 
Generate random initial population of feasible solutions. 
Evaluate fitness of initial population per vector. 
WHILE termination criterion not satisfied 
DO 
FOR 1:NP (Mutation Operation) 
Randomly select 3 mutually exclusive target vectors. 
Generate donor vectors by mutation scheme. 
END FOR 
FOR 1:NP (Crossover Operation) 
Execute crossover scheme between each target and donor 
vector to form trial vector. 
END FOR 
FOR 1:NP (Selection Operation) 
Compare fitness between each target and trial vector. 
If trial vector has better fitness than target vector 
Target vector is replaced by trial vector. 
END FOR 
END WHILE when termination criterion is satisfied 
END 
 
IV. TEST SYSTEM 
The fault currents have been calculated with remote bus 
breaker opened. The DE algorithm has been simulated with 200 
individuals and its sensitive parameters of DE 𝐶𝑟, г and 𝐹 have 
been selected to be 0.5, 0.5 and 0.8 respectively in this paper. 
A. Description of 6 Bus System 
A small interconnected 6 bus system was chosen to study 
the impacts of DGs on relay coordination. The impacts of DGs 
on the relays are the same in radial and interconnected systems 
[9-12]. But as the system under study becomes more complex, 
the impacts of DGs may not be clearly seen since the fault 
current contribution of the system may be several times greater 
than the contributions of DGs.  
The 6 bus system consists of 10 active phase relays and 16 
coordination pairs. A DG farm of 10 MW and 20 MW is 
connected on bus 6. 
The three cases before employing APS are presented: the 
base case (DOCRs are coordinated in this case including 
contingency analysis), the DG10 case (10MW DG inserted on 
bus 6 with Xd' 0.5 used for comparison purpose only since no 
coordination was carried out) and DG20 case (20MW DG 
inserted on bus 6 with Xd' 0.3 used for comparison purpose only, 
no coordination was carried out). For the DG10 and DG20 
cases we run power flow and fault analysis including the 
penetration of DG on bus 6 without contingency analysis and 
without performing coordination. Then, the relay settings of 
base case are used to determine the new operation time of the 
relays (influenced by DG penetration) in order to evaluate the 
performance of the relays.  
The same three cases are presented after employing APS. 
All three cases are then coordinated including contingency 
analysis. The 6 bus system is presented in Fig. 7. 
 
 
Fig. 7. The 6 bus interconnected system. 
 
 
B. Description of IEEE 14 Bus System 
A large interconnected IEEE 14 bus system has been chosen 
to study the overall impacts of DGs on relay coordination.  
The system consists of 30 active phase relays and 45 
coordination pairs. A DG farm of 30 MW is connected to every 
bus.  
Firstly, DOCRs of the base case are coordinated with no 
DGs connected. Then, the relay settings of base case are used 
to determine the new operation time of the relays (influenced 
by DG, connected to each bus) in order to evaluate the overall 
degradation and sensitivity improvements of DOCRs.  
Finally, sensitivity improvement on a 24-hour basis is 
presented for the IEEE 14 bus system. The IEEE 14 bus system 
is presented in Fig. 8. 
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Fig. 8. The IEEE 14 bus interconnected system. 
 
V. RESULTS AND DISCUSSIONS 
A. Impacts of DGs on Directional Overcurrent Relay 
Coordination for 6 Bus System 
The CTI results and short circuit currents for the cases 
before and after the insertion of DGs are presented in Fig. 9 and 
Fig. 10.  
The threshold line is a visual representation of the pre-
established CTI of 0.3sec. It is observed from Fig. 9 (a) and Fig. 
10 (a) that the CTI of all 16 coordination pairs of the base case 
satisfy the constraint presented in (2). The coordination of 
different pairs of relays for the base case fulfills the expectation 
of good selectivity since the majority of CTI values are found 
between 0.3-0.5 sec. But this is not true for the cases DG10 and 
DG20. From Fig. 9 (a) and Fig. 10 (a) it is observed that several 
coordination pairs for the cases DG10 and DG20 are found 
below the threshold value which means that there are violations 
of constraints when DGs are inserted to the system. 
Fig. 9 (b) and Fig. 10 (b) are scaled on the vertical axis to 
have a clearer view of the changes of primary and backup short 
circuit currents respectively. Also they are plotted with the CTI 
results of the same scale on the horizontal axis to observe the 
infeed and coordination loss effects.  
From Fig. 9 (a) the infeed effect of DG penetration can be 
observed. Whenever there is a significant increase of primary 
short circuit current, the CTI increases. This is due to the 
location of DG in the system. The coordination pairs that 
suffered infeed effect are pairs: 7, 8, 12, 14 and 15 as it can be 
observed from Fig. 9 (a). These pairs suffered infeed effect 
because the DG is located in-between the two relays. Here, the 
primary relay will sense higher current magnitude than the base 
case while the backup relay will sense no change of the current 
magnitude. The latter effect can be observed from Fig. 10 (b) 
for the pairs: 7, 8, 12, 14 and 15 where the short circuit current 
didn't increase. 
 
Fig. 9.  Tendencies of CTI and primary short circuit currents of the three cases 
for all 16 coordination pairs. 
 
Fig. 10.  Tendencies of CTI and backup short circuit currents of the three 
cases for all 16 coordination pairs. 
The infeed effect is not a critical issue since the selectivity 
is still maintained. The worst scenario is the coordination loss 
which can be seen from Fig. 10 (a) for the pairs that have CTI 
values below the threshold. For the cases DG10 and DG20 the 
pairs: 1, 2, 3, 4, 6, 10, 13 and 16 suffered coordination loss. The 
cause of coordination loss effect due to the over reach of backup 
relay is that the DG is located behind both relays. Hence both 
relays sense an increase of short circuit current, but since the 
primary relay is situated near the horizontal asymptotic region 
of the operation characteristic curve; the operation time of the 
primary relay is barely affected. On the contrary, the backup 
relay is situated farther from the horizontal asymptotic region; 
so the operation time of the backup relay is significantly 
affected. For the pairs: 1, 2, 3, 4, 6, 10, 13 and 16 it can be seen 
from Fig. 10 (b) and Fig. 9 (b) that there is a significant increase 
of both the backup and primary short circuit currents; hence the 
(CTI) coordination is lost for those pairs. 
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Fig. 11.  Number of violations before APS: Comparison among base case, 
DG10 case and DG20 case. 
The number of violations and percentage of violations for 
the three cases are presented in Fig. 11. From Fig. 11 it is clearly 
seen that as the capacity of the DG penetration increases, the 
percentage of number of violations increases as well.  
 
B. Mitigating the Impacts of DGs on Directional Overcurrent 
Relay Coordination using Adaptive Protection Scheme for 
6 Bus System 
 
Fig. 12.  Averaged sensitivity after APS: Comparison among base case, DG10 
case and DG20 case. 
The averaged sensitivity and sensitivity improvement 
percentage for the three cases are presented in Fig. 12. From 
Fig. 12 it is clearly seen that as the capacity of DG penetration 
increases, the average sensitivity of the coordination pairs 
increases as well. 
The CTI results for the three cases after the insertion of DGs 
using adaptive protection scheme are presented in Fig. 13. The 
results of two-phase short circuit currents, pickup currents and 
sensitivity are presented Fig. 14. 
 
 
Fig. 13.  Tendencies of CTI of the three cases for all 16 coordination pairs 
employing adaptive protection scheme. 
It is observed from Fig. 13 that by employing the adaptive 
protection scheme; mitigation of coordination loss due to 
penetration of DG is successfully achieved since there is no 
violation of coordination constraints for both DG10 and DG20 
cases. 
Fig. 14.  Tendencies of two-phase short circuit currents, pickup currents and 
sensitivities of the three cases for all 16 coordination pairs employing 
adaptive protection scheme. 
When adaptive protection scheme is employed for the 
mitigation of DG penetration impacts, additional benefit can be 
obtained other than maintaining selectivity for all coordination 
pairs; namely the increase of sensitivity. From Fig. 14 (a) it can 
be observed that the 2-phase short circuit current increases as 
the capacity of DG increases. Also from Fig. 14 (b) it can be 
observed that the pickup current tend to decrease as the capacity 
of DG increases. The resulting effect of the observations drawn 
from Fig. 14 (a) and (b) is the improvement of overall 
sensitivity as presented in Fig. 14 (c) which coincides with (6) 
and (7). 
The reason why cases DG10 and DG20 have greater CTI 
values compared to base case, as observed in Fig. 13, is because 
of the combined effect of increased short circuit current and 
decreased pickup current caused by DG penetration; as shown 
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in Fig. 3 and (5). Both effects lead to shorter operation time, 
hence APS re-coordinated the system again with increased dial 
parameters to maintain coordination.  
 
C. DG Impact and Mitigation on Directional Overcurrent 
Relay Coordination using Adaptive Protection Scheme for 
IEEE 14 Bus System  
 
In this section, an evaluation of DOCRs on IEEE 14 bus 
system including DG of 30 MW (on each bus) is presented. The 
causes and effects of DGs are explained in previous sections, 
therefore, the essence of this section is to show the overall view 
of DG impacts before and after employing APS on the whole 
system instead of one fixed location. 
 
Fig. 15.  Number of violations before APS: Comparison among base case and 
DG30 cases on every bus. 
From Fig. 15 it can be seen that as DG is located farther 
from Gen 1 and 2, more violations appear. This is because the 
fault contribution of DG is far less than Gen 1 and 2, hence there 
was no coordination loss when DG is located on buses 1 to 9 
that are relatively close to Gen 1 and 2. On the other hand, since 
contribution of fault currents from Gen 1 and 2 for far buses 
decreases due to electrical distance (buses 10 to 14), the 
integration of DG on those buses will degrade protective relay 
performance and lead to coordination loss. A clear comparison 
of DG impacts on large or small system can be drawn by 
observing Fig. 15 (b) and Fig. 11 (b). In Fig. 15 (b) a smaller 
percentage of violations occurred compared to Fig. 11 (b) since 
larger system is generally more robust. 
The system has zero violation for all cases when DG is 
connected on each bus when employing APS. Also, sensitivity 
improvement can be observed. This is presented in Fig. 16 (a) 
and (b) where one can see a slight increase of sensitivity 
percentage as DG move away from Gen 1 and 2. The small 
improvement should not be under-estimated since this effect 
will be magnified as installed DG capacity will grow. 
 
 
Fig. 16.  Averaged sensitivity after APS: Comparison among base case and 
DG30 cases on every bus. 
 
D. Evaluation of Directional Overcurrent Relay Sensitivity 
Improvement with Presence of DG using Adaptive 
Protection Scheme on a 24 hrs basis 
 
In this section, an evaluation of the APS on IEEE 14 bus 
system including DG on bus 13 is presented. The intention is 
not to show advantage of implementation of APS in a system 
with DG for mitigation of certain effects (this has been shown 
clearly in previous sections), but to show the overall possible 
improvement of sensitivity during the 24-hour period. 
 
 
Fig. 17. 24-hour profile of the IEEE 14 bus system: (a) load profile, (b) 
sensitivity profile for comparison between fixed/conventional relay sensitivity 
and APS sensitivity. 
 
The 24-hour load profile is a real load profile from the 
Mexican National Interconnected System (SIN) demand 
CENACE on the 3rd of April 2016 [66]. This 24-hour profile is 
applied to the IEEE 14 bus system to approximate the real 
operation of the system. The 24-hour load profile of the IEEE 
14 bus system is presented in Fig. 17 (a). 
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From Fig. 17 (b) it can be observed that the fixed sensitivity 
(conventional coordination approach) has a constant sensitivity 
throughout 24 hours. On the other hand, the sensitivity of relays 
using APS increases as the load profile decreases, which yields 
much better relay sensitivity than using the conventional 
approach. Since the conventional coordination approach uses 
maximum load profile to coordinate the relays, the coordination 
will be maintained for the different load variations as long as 
the actual load flow does not exceed the maximum load profile. 
But as it can be observed from Fig. 17 (b), the peak of load 
profile is rather short; hence substantial overall sensitivity 
enhancement may be achieved if APS is implemented. The use 
of maximum load profile as reference for the coordination of 
protective relays is a prudent approach since advanced 
communication and control schemes were not available 
decades ago. However, modern technology permits the 
implementation of proposed APS which can potentially 
improve different aspects of relay performance. Hence the APS 
is proposed and viewed as an important improvement for the 
future smart grid protective schemes. 
 
VI. CONCLUSION 
Integration of DG in the network surely added numerous 
operational benefits but at the same time degraded the existing 
relay performance. The degradation varies depending on the 
size and location of DG in the network. Likewise, the sensitivity 
improvement also depends on size and location of DG. 
Therefore, exploiting the advanced features of relays and with 
the help of SCADA system, the APS using DE algorithm is 
proposed for mitigation of DG impacts on electrical networks. 
Besides, the proposed APS adequately manage both impacts of 
steady-state load current and fault-state short circuit current 
contributed by DGs and improves the overall sensitivity of 
relays. 
The proposed scheme offers multiple advantages such as: 
automatic online coordination, fulfillment of selectivity 
requirement and overall sensitivity improvement, which at the 
same time increase the probability of high impedance fault 
detection. The scheme is robust for future system operational 
and topological changes. 
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VIII. APPENDIX 
Numerical comparison tables between “Conventional 
Protection Scheme (CPS)” and “APS” are presented in this 
section to complement Section V. 
 
A. Numerical Comparison between Conventional Protection 
Scheme and Adpative Protection Scheme for 6 Bus System 
 
6 Bus System (DG on Bus 6) 
 Base DG10 DG20  
 
CPS 
NV 0 7 8 
%NV -- 44% 50% 
Sen 2.87 2.87 2.87 
%Sen -- -- -- 
NV 0 0 0  
APS %NV -- 0% 0% 
Sen 2.87 3.35 3.69 
%Sen -- 17% 29% 
 
 
B. Numerical Comparison between Conventional Protection 
Scheme and Adpative Protection Scheme for IEEE 14 Bus 
System 
 
IEEE 14 Bus System (DG on Bus 12) 
 Base DG30  
 
CPS 
NV 0 4 
%NV -- 9% 
Sen 3.4 3.4 
%Sen -- -- 
NV 0 0  
APS %NV -- 0% 
Sen 3.4 3.7 
%Sen -- 10% 
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